Abstract Massotherapy, the therapeutic use of massage, is used to treat various chronic pain syndromes. One type of massotherapy, pressure stimulus applied over trigger points (TPs), is reported to have excellent therapeutic effects. Its effect is possibly mediated through changes in the autonomic nervous system although little research has been conducted to assess autonomic activity during TP compression. We have investigated how compression applied over TPs affects the autonomic nervous system. Six healthy young adult females whose daily working routine was carried out predominantly in a standing position were enrolled in the study cohort. After a day's work, the subjects were asked to rest supine, and electrocardiograms (ECGs), instantaneous lung volume (ILV) and systolic and diastolic blood pressures (SBP, DBP) were measured before and after pressure application over the TPs in those lower limb muscles where the subjects felt muscle fatigue or discomfort. The subjects were also asked to coordinate breathing with the beeping sounds. The therapeutic effects of TP compression were assessed by a subjective fatigue scale. Parasympathetic nervous activity was also assessed by spectral analysis of heart rate (HR) variability. The transfer function from ILV to HR was evaluated using linear analysis. The results indicated that TP compression (1) decreased HR, SBP and DBP, (2) increased parasympathetic activity, (3) increased the gain from ILV to HR, and (4) improved the fatigue scores. These findings suggest that an increase in parasympathetic nervous activity after the TP compression induced a reduction of fatigue. The therapeutic mechanisms of TP compression to enhance parasympathetic nervous system are discussed.
Introduction
Recent reviews on clinical pain have highlighted the difference between different pain etiologies and endogenous pain-inhibiting mechanisms [1, 2] . Abnormalities of autonomic functions have been implicated in chronic pain in certain diseases. For example, sympathetic overactivation and/or parasympathetic hypoactivation were reported in fibromyalgia with diffuse tenderness and musculoskeletal pain [3] , in reflex sympathetic dystrophy and causalgia [4] , and in whiplash-associated disorders [5] . Such abnormalities in the autonomic nervous system may generate and sustain chronic pain [5] [6] [7] .
Massage, including muscle compression, has been used for pain relief since ancient times and still remains in use today [8] . Recent review articles suggest that massage therapy may be beneficial in managing various subacute and chronic pain conditions [9, 10] . In massage therapy, mechanical stimulus by touch and manipulation with the hands of the therapist, such as pressing, rubbing, and stroking, can have therapeutic effects, including pain relief, improved local circulation, and the release of muscle strain [11, 12] . In therapeutic massage for pain relief, spots with focal tenderness in a taut band of muscle are called trigger points (TPs). These are painful and can evoke a characteristic referred pain in areas of the body far away from their actual location, a flexion withdrawal reflex (jump sign), and local muscle contraction (twitch response) on compression [13, 14] . Pressure application over TPs has been reported to be particularly beneficial in the massotherapy for myofascial pain syndrome [15] [16] [17] .
Melzack et al. [18] reported a remarkably high degree (71%) of correspondence between TPs and acupuncture points. Qualified practitioners of acupuncture therapy know that acupressure or an acupuncture stimulus applied onto TPs activates autonomic nervous reactions, such as vasoconstriction, vasodilation, cold sweat, perspiration, and decrease or increase of secretion [14] . The results of an earlier study by our group indicated that placing acupuncture needles into TPs increased parasympathetic nervous activity [19] . Although these findings suggest that the therapeutic effect of massotherapy with TP stimulation is associated with changes in the autonomic nervous system, details of the effects on the autonomic nervous system are still unknown. We have therefore have studied how autonomic nervous activity, in particular the activity of the parasympathetic nervous system, is affected by compression applied to the TPs in the lower-limb muscle, using spectral analysis of heart rate (HR) variability as an indicator.
In the spectral analysis of HR variability, the longitudinal data of RR intervals per unit time is first subjected to frequency analysis by means of fast Fourier transform (FFT), maximum entropy method (MEM), or the autoregressive method (AR), and the extracted spectral component in HR variability is then used for autonomic function assessment. The reliability of spectral data in assessing autonomic status has been reported: the highfrequency (HF) component of HR variability (HRV) reflects activity of the vagal parasympathetic system, and its low-frequency (LF) component includes both sympathetic and parasympathetic activities [20, 21] .
It is noted that the HF component of HR variability, which was the main target of this study, has been reported to be dependent on the breathing cycle and to be affected by breathing rate and tidal volume [22] [23] [24] [25] . Only one earlier study has investigated the effects of TP massage on autonomic nervous activity and reported an increase in parasympathetic nervous activity based on spectral analysis of HR variability [17] . However, the study did not analyze the effects of respiration on HR. It has also been reported that the transfer gain above 0.15 Hz from the instantaneous lung volume (ILV) to the HR is mediated mainly through parasympathetic nervous activity [26] . To elucidate the influence of breathing on the HR before and after pressure application over TPs, we also analyzed the transfer function from ILV to the HR by asking the subjects to breathe at random cycles for broader respiration-induced fluctuations of HR variability [27] . Thus, we investigated how TP massage to the lower limb muscles modulated HR variability.
Methods

Subjects
Six female subjects (average age 21.0 ± 0.0, mean ± SEM) whose daily working routine was carried out predominantly in a standing position (8:30 a.m. to 4:00 p.m) were enrolled in this study. All were non-smokers, and none had any medical problems known to affect HR variation. All subjects were treated in strict compliance with the Declaration of Helsinki and the U.S. Code of Federal Regulations for the protection of human subjects. The experiments were conducted with the understanding and consent of each subject, and they had received the approval of the ethical committee of our university.
Pressure on TPs
Pressure was manually applied over the TPs in the lowerlimb muscles where the subjects felt fatigue and discomfort after many hours of standing. In order to maintain consistency, the same therapist (S.S.), a fellow of the National Council of Judo Therapists, performed all massage treatments. The massage procedure, which took 20 min each time, employed the techniques described by Travell and Simons [14] . The authors called this technique ''ischemic compression''. The intensity of pressure was controlled to a level at which each subject reported ''comfortable pain''.
Recording of autonomic functions
Autonomic functions were measured before and after compression of the TPs. The left arm was kept at the level of the right atrium, and a noninvasive tonometric blood pressure (BP) transducer, connected to a BP monitor (Jentow 7700; Colin, Japan), was strapped over the left radial artery. The sphygmomanometer cuff of an oscillometric BP recording device for calibration of the tonometric transducer was attached to the upper left arm. Surface electrodes were attached to the chest for recording of the electrocardiogram (ECG). The facemask was placed on the subject's face, and air flow (ILV) was measured by a respiration monitor (RM200; Minato, Japan).
These autonomic data, including trigger signals synchronized with the QRS-waves of the ECGs, ILV, and BP, were digitized using an A/D converter with a sampling rate of 1 kHz/ch and recorded on a hard disk. Both systolic and diastolic BP (SBP, DBP) was measured from the digitized continuous BP data.
Study protocol
Measurements were performed in a temperature-controlled room (26°C). After standing for most of the day,, the subjects were asked to rest supine in a quiet 3 9 3 9 5-m room equipped with an exhaust fan to re-ventilate the room air continuously. The electrodes for the ECGs and probes for the BP and IVL were then placed at the appropriate positions (see above).
After the various electrodes and probes has been made ready, the TPs were identified by the therapist. The subjects were then allowed to rest in a supine position for 20 min before recording. Results from earlier studies showed that, compared with the supine position, the upright position itself changes both blood distribution in the body due to gravity and HR variability. The upright position may increase sympathetic activity and mask the effects of TP compression. Therefore, the subjects were placed in the supine position in our study, in accordance with most of the previous studies on HR variability. After recording the control data in the supine position for 20 min, compression was applied on the TPs, and the data recorded for 20 min after the massage. These two sets data (each for 20 min) were subjected to spectral analyses. During the measurements, the subjects were instructed to coordinate breathing with the beeping sounds generated at random time intervals in the 0.12-to 0.4-Hz band (random frequency breathing). No special instruction on breathing depth was given to the subjects, and the subjects were allowed to breath at their own natural depth. To determine the influence of random frequency breathing on HR variability and BP fluctuation, data were also taken from the subjects during constant frequency breathing (0.25 Hz).
The subjective sense of fatigue was assessed before and after compression on the TPs. In a questionnaire, each subject was asked to evaluate her fatigue level subjectively on a 5-point scale where a score of 5 indicated ''very fine'', 4 indicated ''fine'', 3 indicated ''OK (not tired)'', 2 indicated ''tired'', and 1 indicated ''exhausted''.
Data analysis
After removing the electrical noise artifact, the data were analyzed using a spectral technique by applying spline interpolation at 1.0 Hz. For example, the raw data of the RR intervals of the ECGs is a discontinuous function of the time interval between two consecutive R waves. This discontinuous function is transformed into a continuous function by means of interpolation and then subjected to re-sampling at mean RR intervals to generate sampling data at equal time intervals. For the spectral analysis, the MEM was used. According to the protocol by Akselrod et al. [20] , the sum of the spectral power obtained by MEM within 0.05-0.15 Hz was used as the LF, whereas the sum of power within 0.15-0.50 Hz was used as the HF [20, 28] . The transfer function from ILV to HR was assessed by means of linear analysis, and the mean coherence and gain were computed.
All data were expressed as the mean ± standard error of the mean (SEM). Statistical analyses were performed by a paired t test. A value of P \ 0.05 was defined as being statistically significant.
Results
Effects on cardiovascular functions
After application of a pressure stimulus over the TPs during random breathing, the mean RR interval of the six subjects increased significantly from 920 to 950 ms (Fig. 1a) , and the HR decreased significantly from 67.3 to 65.2 bpm (paired t test, P \ 0.05). The mean SBP and DBP of the six subjects decreased significantly from 119 to 102 mmHg, and from 68 to 54 mmHg, respectively (paired t test, P \ 0.05) (Fig. 1b) . The results were essentially the same under constant frequency breathing (0.25 Hz). No significant difference was detected between these values measured during random breathing and those measured during constant frequency breathing (0.25 Hz) (Fig. 1a, b) (paired t test, P [ 0.05).
Effects on autonomic activity Figure 2 shows an example of the spectral analysis of HR variability during random breathing. Pressure application over the lower-limb muscle of a subject increased both the LF and HF components. Figure 3a shows the power spectral density (PSD) of the HF component of individual subjects, which was measured before and after the pressure application over the TPs during random breathing. An increase in PSD was observed in all subjects after pressure application, with the increase ranging from 5 to 125%. The mean of the HF component of all subjects also showed a significant increase after pressure application over the TPs under both random and constant frequency breathing conditions (Fig. 3b) (paired t test, P \ 0.05). No significant difference was detected between the values measured during random breathing and those measured during constant frequency breathing (paired t test, P [ 0.05).
The coherence between ILV and HR during random breathing was relatively high (within a range from 0.4 to 0.8) regardless of whether or not the pressure was applied over the TPs (Fig. 4) . This high coherence indicates the statistical validity of the transfer function analysis. A comparison of the mean gain in HF band (0.15-0.50 Hz) showed a significant increase after pressure application over the TPs under random frequency breathing (Fig. 5 ) (paired t test, P \ 0.05). No significant difference was detected between the gains measured during random breathing and those measured during constant frequency breathing (paired t test, P [ 0.05). These findings indicate that the influence of respiration on the HR increased in the HF range after pressure had been applied on the TPs. Fig. 1 Cardiovascular changes after the application of a pressure stimulus over trigger points (TPs) in the lower-limb muscle. a Changes in mean RR interval on the electrocardiograms (n = 6). b Changes in mean systolic and diastolic blood pressure (SBP and DBP, respectively; n = 6). A significant increase in mean RR intervals and a significant decrease in mean SBP and DBP were observed after the application of pressure stimulus during constant and random frequency breathing. No difference was observed between the values measured during constant and random frequency breathing. PreM Before pressure application over TPs, PostM after pressure application over TPs, 0.25 Hz constant frequency breathing at 0.25 Hz, random random frequency breathing. *P \ 0.05 Changes in the sense of fatigue Due to long hours of standing each and every working day, each subject had strong feeling of congestion, fatigue, and discomfort in the lower extremities before the pressure stimulus was applied onto the TPs. The mean subjective fatigue score showed a significant improvement following pressure application: from 1.83 to 4.17 (Signed rank sum test, P \ 0.05) ( Table 1) .
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Discussion
Effect of pressure application over TPs on autonomic activity
The HF component of HR variability increased with a concomitant decrease in SBP and DBP following the application of pressure over the TPs in the lower-limb muscle. These findings suggest that relative activity of parasympathetic nervous system was increased. However, the HF component of HR variability has been reported to be dependent on the respiration cycle and affected by respiration frequency and tidal volume [22] [23] [24] [25] . Burst firing of the parasympathetic nerve (vagal nerve) disappears or decreases during inspiration, and the HR variability associated with the disappearance or decrease of the burst firing is observed as the HF component (i.e., respiratory sinus arrhythmia). Thus, the HF component of HR variability is dependent on breathing, and the influence of respiration on HR variability is considered to be an index of the influence of parasympathetic activity on HR variability [29] [30] [31] . Therefore, we analyzed a transfer function between ILV and HR.
A previous study on phase and gain in the ILV-HR transfer function reported that this transfer function had characteristics of a first-order low-pass filter [26, 29] . In our study, the analysis of ILV to HR transfer function displayed a high coherence, ranging from 0.4 to 0.8 between ILV and HR; this high coherence indicates the validity of this analysis. The results indicate that the mean gain between ILV and HR increased significantly after the application of pressure over TPs under both random and constant frequency breathing. These findings suggest that the increase in the HF component after TP compression can be attributed to an increase in the influence of respiration on HR variability. It should also be noted that the increase in the gain was confined to the HF band (0.15-0.5 Hz) in the present study. Consistent with the present study, a previous study reported that the transfer gain above 0.15 Hz was mediated mainly through parasympathetic nervous activity [26] . These findings strongly suggest that compression over TPs is capable of activating the parasympathetic nerve system.
Physiological effects of TP compression
Previous studies have reported the induction of sympathetic hyperactivity in various pathophysiological conditions, such as the accumulation of metabolic byproducts and production of inflammatory substance due to ischemia in the forearm, congestion in the lower extremities due to negative pressure, and reduced cardiac output caused by diminished venous return due to congestion [32] [33] [34] . Our results, together with these of the earlier studies, suggest that both the relief of pain induced by the perfusion of metabolic byproducts and inflammatory substance due to TP compression and the increase in cardiac output due to decreased congestion induced by TP compression may result from a suppression of sympathetic nervous activity and an increase in parasympathetic nervous activity. Since an increase in parasympathetic nervous activity itself increases peripheral blood flow [35] and is one of the important factors to relief chronic pain in the muscle [19, [35] [36] [37] , the increase in parasympathetic nervous activity induced by the above peripheral mechanisms may further decrease chronic pain or muscle fatigue. Fig. 5 Changes in mean gain of the transfer function during random frequency breathing after the application of pressure over the TPs points in the lower-limb muscle. Changes in the mean transfer magnitude between ILV and HR after the application of pressure onto TPs is shown (n = 6). A significant increase in the mean transfer magnitude was observed after pressure application over TPs. Asterisk indicates significant difference from the control (preM) (P \ 0.05) However, we did not directly analyze sympathetic activity in our study since the LF component of the HR variability reflects both sympathetic and parasympathetic activity [21] , and the LF/HF ratio represents the balance between sympathetic and parasympathetic nervous systems [38, 39] . Further studies will be required to directly monitor muscle sympathetic nerve activity to assess the therapeutic effect of pressure application over TPs.
Therapeutic effects of TP compression
Our analysis of the subjective fatigue score indicates that the score was significantly improved after TP compression. A decrease in parasympathetic nervous activity is one of the important characteristics of fibromyalgia and chronic fatigue syndrome [40, 41] . Compression of TPs induces various physiological changes in the lower extremities, resulting in an increase in parasympathetic nervous activity, as discussed above. The autonomic afferent fibers may detect these changes and directly affect the limbic system, which is involved in emotion and circulation control. This central mechanism may also contribute to changes in the fatigue score. Furthermore, subjective fatigue sensation is known to be significantly related to muscle sympathetic nervous activity [42] . Therefore, the increase in parasympathetic nervous activity may decrease muscle sympathetic nervous activity, which results in the decease in fatigue sensation. These findings on an increase in parasympathetic nervous activity suggest that TP compression released the subjects from the stress arising from working in a standing position over a long period.
In the study reported here, we carried out an analysis of TPs, which are reported to have a high therapeutic potential for pain management [14, 16, 17] . In future studies, the effects of compression on regions other than TPs should be assessed to investigate the specific characteristics of the TPs.
Conclusions
The results of our study demonstrate that pressure application over TPs in the lower-limb muscles induced various physiological effects, such as (1) increased RR intervals (decreased HR) and decreased SBP and DBP, (2) increased HF component in HR variability, and (3) increased gain of the transfer function from ILV to HR in the HF band. These findings suggest that TP compression can elevate the activity of the parasympathetic nervous system and provide some insight into the physiological mechanisms of pain relief induced by the pressure application over TPs.
Open Access This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
